Mutants ofEscherichia coli K-12 that require L-tryptophan (trp) are normally unable to utilize D-tryptophan to fulfill their requirement. However, secondary mutations (dadR) that confer this ability can be isolated. In such strains two distinct enzymes are found to be produced at high levels: 1)-amino acid oxidase (EC 1.4.3.3) and D-tryptophan oxidase. A convenient assay procedure for Dtryptophan oxidase is described. The two enzymes could be distinguished on the basis of their sensitivity to inhibition by L-phenylalanine and ityrosine. Strains that were trp dadR could not grow with D-tryptophan in the presence of L-phenylalanine, but further mutations, Fyo, could be isolated that allowed growth under these conditions. Some of them were characterized by further increases in the level of D-tryptophan oxidase activity and a sharp decrease in 1-amino acid oxidase. These kinds of Fyo mutations lay in or near the dadR gene. The substrate specificity of the two enzymes toward a large number of compounds was examined. The transamination of aromatic keto acids was investigated. In the wild-type strain only a single enzyme, transaminase A (EC 2.6.1.5), was found, and it was irreversibly activated when subjected to elevated temperatures. The present state of our knowledge on D-amino acid utilization in E. coli is summarized.
A large number of microorganisms contain systems that metabolize 1)-amino acids. Since 1)-amino acids are expected to be present in nature at very low concentrations, degradative systems might serve protective or scavenger functions. In contrast to this, some organisms synthesize 1-amino acids as normal cellular constituents. For example, in Escherichia coli both D-alanine and D-glutamic acid are present in the cell wall.
Mutant strains of Escherichia coli that require an L-amino acid cannot normally use the relevant 1)-amino acids as a supplement. We have previously reported (5) the isolation of strains carrying secondary mutations that allow 1-amino acid utilization and have shown that some n-tryptophan-utilizing mutants contain high levels of an enzyme that deaminates 1)-amino acids. However, our evidence correlating the ability to use D-tryptophan as a source of L-tryptophan and the presence of this Damino acid oxidase was by necessity indirect because we lacked a convenient assay for D- present evidence that there are at least two enzymes with different 1-amino acid substrate specificities in dadR strains and that D-tryptophan deamination is in fact involved in D-tryptophan utilization. In addition, some mutations (Fyo) leading to L-phenylalanine and L-tyrosine resistance are characterized by further increases in the level of D-tryptophan oxidase.
MATERIALS AND METHODS
Bacterial strains. The genotypes of the strains used in these studies are given in Table 1 . Descriptions of their origin and the techniques used in their isolation have been previously published (5, 6) .
Assays of enzymatic activity. (i) D-amino acid oxidase. The assay conditions were as previously described (5) . D-Histidine was the substrate at a final concentration of 5 mM. (ii) D-Tryptophan oxidase. The reaction mix included 1 .0 ml of D-tryptophan (50 mM), 2.5 ml of sodium phosphate buffer (0.2 M; pH 8.0), 0.2 ml of extract, and 1.3 ml of water. After addition of the extract, 2.0-ml samples were removed at 30 s and 60.5 min (shorter time intervals were used with extracts producing an absorbance at 530 nm LA 530] of more than 0.7/h) and pipetted into chilled tubes containing 0.1 ml of 3 N perchloric acid. When protein precipitation was complete (about 15 min), lowspeed centrifugation was performed to remove the precipitate. A portion of the supernatant fluid was V-TRYPTOPHAN UTILIZATION BY E. COLI (iii) Deamination of the other amino acids. The deamination of tyrosine and phenylalanine and their analogues was monitored as previously described (6) . Keto acid formation from tryptophan and its analogues was measured as described above. The deamination of all other amino acids was determined by the method of Friedemann and Haugen (2), using 2,4-dinitrophenylhydrazine. All substrates were present at 5 mM.
(iv) L-Tyrosine-eE-ketoglutarate transamination. The reaction mix contained (in final concentrations: a-ketoglutarate (5 mM), pyridoxal phosphate (60 ,uM), sodium phosphate (0.1 M; pH 7.6) containing Ltyrosine (0.5 mM), and 0.05 ml of extract in a total volume of 2.5 ml. The reactions were performed at 25 C. After 15 min, a 2.0-ml sample was pipetted into 2.0 ml of 1 N NaOH and incubated for 30 min at 37 C, and its A330 was determined. A reaction terminated at 0 min was used as a blank.
(v) L-Phenylalanine-o-ketoglutarate transamination. The reaction mixture was identical to that used for L-tyrosine-a-ketoglutarate transamination except that it contained a final concentration of 1 mM i phenylslanine initead of ityrosines The re-ac tion won torminaoted ;Nr 16 min by pipettiig a 32, ml sample into 2.0 ml of 1 N NaOH in gn ice-weter bath and allowing 30 min for chromagen development. The A320 was determined against a sample from 0 min.
(vi) L-Tryptophan-a-ketoglutarate transamination. The reaction mixture was identical to that used for L-tyrosine and L-phenylalanine transamination with the substitution of L-tryptophan (final concentration, 5 mM). After a 30-min incubation at 25 C, the amount of indole pyruvic acid was determined by the technique used for D-tryptophan deamination described above. The A530 was determined against a sample taken at 1 min.
Growth of cells and preparation of cell-free extracts. The medium of Vogel and Bonner (11) was used and contained glucose (0.2%) and thiamine hydrochloride (1 ,ug/ml). When used as supplements, L- tryptophan and D-tryptophan were present at 20 iLg/ ml. A 10-ml portion of an overnight culture was used to inoculate 1 liter of the same prewarmed (37 C) medium to produce an initial A,.0 of 0.04 to 0.05. The flasks were shaken at 37 C on a New Brunswick model V rotary floor shaker, and growth was followed spectrophotometrically. The cultures were harvested at an absorbance of 1.0 to 1.2 when they were still in the exponential phase of growth. A comparison of stationary-phase and exponentialphase cultures showed no differences between them in the levels of activity for the enzymes of interest in these studies. In those experiments where relative enzyme level was not important, stationary-phase cultures were used.
The cell pellets were washed once with saline (0.85% NaCl), and cell-free extracts were prepared as previously described (5) except that the cells were broken in sodium phosphate buffer (0.1 M) at pH 7.6 (rather than 6.6) when transamination was to be determined. Protein concentration was determined as described by Lowry et al. (7) . Genetic analysis. The preparation of media and lysates and the method for transduction were those described by Yanofsky and Lennox (12) .
RESULTS
Properties of D-tryptophan oxidase. As discussed below, the extracts of some dadR mutant strains contain an active D-tryptophan oxidase. With an extract from one of these (T3P), the time course for the D-tryptophan oxidase reaction was determined (Fig. 1A) . The nonlinearity of absorbance with time exactly reflected the nonlinearity found for pure indole pyruvic acid and hence was not the result of product inhibition or substrate limitation. The enzymatic activity was optimum at approximately pH 8.7 (Fig. 1B) free extracts contained these activities in a form that could be sedimented by centrifugation at 100,000 x g for 1 h. Elution profiles of both enzymes from agarose G5A (exclusion limit: 5 x 106 daltons) showed that these enzymes eluted in the void volume as judged by phage T4 elution. The enzyme activity in the eluate was unstable. It is very likely that the enzyme is membrane bound and that an intact membrane is necessary for activity. Both ionic and nonionic detergents led to loss of enzymatic activity, and all attempts to remove the enzyme from its associated high-molecular-weight component were unsuccessful.
Identity of the product of the reaction. The product of reaction catalyzed by D-tryptophan oxidase is most probably indole pyruvic acid. Not only is indole pyruvic acid the most logical reaction product, but authentic indole pyruvic acid in the presence of acidic FeCl3 forms a colored complex exhibiting the same adsorption peak as that of the enzymatic product. In addition, this product can serve as a substrate in transamination. A reaction mixture containing D-tryptophan and cell-free extract from strain T3P was incubated at 37 C for 2 h, at which time a sample was removed for color formation determination with FeCl3. The rest of the mixture was boiled for 2 min to inactivate -tryptophan oxidase and centrifuged to remove denatured protein. The superntant fluid was used as a substrate in a reaction that contained: 0.2 ml of L-glutamic acid (50 mM, neutralized), 0.2 ml of pyridoxal phosphate (0.6 mM), 0.2 ml of extract (from strain W3110), and 1.0 ml of the supernatant fluid in a total volume of 2.5 ml. Approximately 75% of the color-forming material disappeared during 1 h of incubation at room temperature. Extracts of strain W3110 do not contain the D-tryptophan oxidase activity but do have transaminase A activity, which is necessary for aromatic amino acid transaminations.
Although the evidence presented above is indirect, we shall assume that indole pyruvic acid is the reaction product formed from z-tryptophan by D-tryptophan oxidase (see Addendum).
Enzyme levels in dadR+ and dadR strains. In a previous report we have shown that some dadR strains contain high levels of a 1-amino acid oxidase whereas others do not, even though both kinds contain mutations that were mapped near purB. Because all dadR mutations were isolated on the basis of D-tryptophan utilization and with a direct assay for the apparently key enzyme involved in this utilization, we reexamined the dadR-containing strains with the hope of finding a common underlying basis for the D-tryptophan utilization phenotype. Table 2 . It is clear that extracts of wild type (W3110) and the parent strains of the D-tryptophan-utilizing mutants exhibited little or no activity as judged by the lack of color formation. Among the dadR strains, some were found to possess this activity whereas others contained little or no activity (e.g., dadR7 and dadRil ). The data of Table 2 phenylalanine and L-tyrosine. Some Fyo mutants overcame the inhibitory effect of L-phenylalanine and L-tyrosine by simply increasing the amount of i-tryptophan oxidase activity (Table 3) . It does not follow that this enzyme itself is sensitive to these inhibitors. However, this activity was, in fact, strongly inhibited by L-phenylalanine and L-tyrosine (Table 4 ). LPhenylalanine was without effect on D-histidine deamination (Table 4) . It is therefore clear that these two enzymatic activities are distinct, although it is not known whether there exists a separate enzyme for each activity.
The double-reciprocal plot of D-tryptophan oxidase activity versus substrate concentration is presented in Fig. 2 and JK238, were found to be roughly similar. Because double-reciprocal plots exhibit upward curvilinearity, the estimates of these kinetic parameters might not detect a twofold difference but should register a fivefold change. These results and those regarding enzyme level argue that some Fyo strains are resistant to phenylalanine because of differences in the relative level of i-tryptophan oxidase (or its Vmajj1 rather than changes in the enzyme's affinity for its substrates or inhibitors.
Genetic analysis of Fyo mutants. In an earlier report, we presented preliminary evidence that at least one Fyo mutation was linked to the trp operon by transduction experiments. Since it seemed likely that Fyo mutations would be on the purB side of the operon, Fyo mutations of both types were examined for such linkage. A trp dadR Fyo+purB recipient strain was transduced with Plkc phage grown on a trp dadR Fyo purB+ strain. purB+ transductants were selected, tested for growth on D-tryptophan (all grew since the same allele of dadR is in both recipient and donor strains), and checked for resistance to L-phenylalanine (Fyo) on medium containing r-tryptophan and Lphenylalanine. As controls, the uninfected recipient was checked for trp+ and L-phenylalanine resistance. Cotransduction between purB and Fyo was found to be 51% (160/312) when JK238 was the donor. This is exactly the linkage of dadR and purB. Selection for Fyo followed by replica plating to media with and without adenine gave 36% (50/139) cotransduction. The independent Fyo mutations in JK234 and JK242 were also closely linked to purB, but those of JK224, JK229, and JK232 were not.
An attempt was made to separate the Fyo phenotype from the dadR mutation. A trpE recipient (T3) was transduced by phage grown on a trpE trpA dadR Fyo strain (JK238), and the ability to use D-tryptophan (dadR) was selected. Controls for the appearance of trp+ after The results of these studies are presented in Table 5 . For the sake of brevity, the amount of absorbance produced has been omitted and only a qualitative listing is given. With the exception of L-nitrotyrosine, n-amino acid oxidase deaminated exclusively n-amino acids. It is still unclear whether the n-amino acid oxidase activity observed was the result of a single enzyme or a battery of enzymes all controlled by dadR. The latter of these possibilities is by no means unreasonable in view of the fact that mutation to dadR usually leads to the simultaneous appearance of increased levels of "Damino acid oxidase" and n-tryptophan oxidase, which are distinct as shown above.
Origin of D-amino acid oxidase and D-tryptophan oxidase. It is still uncertain whence comes the n-amino acid oxidase in dadR strains. However, since wild-type dadR + strains contained this enzyme as judged by Dtyrosine-and D-phenylalanine-deaminating 
ability, it is most probable that the 1-amino acid oxidase activity in both types of strains resulted from the action of the same enzyme, the amount of which was greater in dadR. Although the physiological role of the enzyme is not yet known, high levels of this enzyme were not noticeably detrimental because dadR strains grew at rates identical to dadR+. The n-tryptophan oxidase, on the other hand, presents a different problem. Wild-type strains exhibited essentially no activity. The question that arises is whether the change in dadR strains had led to the production of a new enzyme or modified a preexisting one. A partial answer to this question has been provided by the examination of thoroughly dialyzed extracts of dadR+ strains. D-Tryptophan oxidase can in fact be detected in such dialyzed extracts, although there is a great deal of variation in the level of observable activity from experiment to experiment. The best preparation may show about one-quarter of the activity of the dadR strain, T3D. When a concentration of L-phenylalanine that would produce about 50% inhibition of the enzyme from T3D was added to the assay mixture, the activity was completely inhibited. Although we have not been able to determine the Ki for phenylalanine with the wild-type enzyme because the levels VOL. 125, 1976 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from obtained are so low, it seems clear that wildtype dadR+ strains have such an enzyme and that this enzyme might well be much more sensitive to L-tyrosine and L-phenylalanine and hence undetectable in crude extracts.
General properties of the aromatic amino acid L-glutamate transaminase. Some of the ntryptophan-utilizing strains deaminate this amino acid as the first enzymatic step in its utilization. The resulting keto acid must then be converted to L-tryptophan, most probably by transamination with an L-amino acid as an acid donor. Therefore, the properties of this transaminase were examined by using the enzymatic assays described in Materials and Methods. The transaminase activity in a thoroughly dialyzed extract of strain W3110 was found to have a strict dependence on the presence of an amino receptor (a-ketoglutarate) when L-tryptophan was the substrate (Table 6 ). Pyridoxal phosphate is also required for this reaction. Although some previous investigators have included magnesium ion in their assay mixtures, no requirement for magnesium was found in our experiments.
At a final concentration of 10-3 M, the ions Fe3+, Fe2+, Cu2+, and Ni2+ were inhibitory, but none produced more than a 70% inhibition. It was found that Mg2+, Mn2+, Al3+, Ba2+, Ca2+, Cd2+, Sn2+, Zn2+, Li+, Ag+, K+, Pb+, MoO42-, and B033-were not inhibitory (less than 10% inhibition), whereas the presence of some ions, such as Li+ and Ca2+, led to a slight stimulation. This enzyme is apparently not very sensitive to metal ions.
The purpose of these tests was twofold: on the one hand, to see whether the enzyme in fact possessed tightly bound Mg2+ that can be displaced by a competing ion with resultant inhibition and, on the other, to determine whether ion-produced inactivation could be used to distinguish between the two enzymes having transaminase A activity that were reported by Silbert et al. (10) .
When L-tryptophan was used as the substrate and its concentration was varied, a Km of 2 x 10-3 M was obtained. Activation of aromatic amino acid transamination by heat. On the basis of heat inactivation (60 C) of transaminase activity for aromatic L-amino acids, Silbert et al. (10) were able to show that their strain of E. coli K contained a heat-sensitive enzyme with activity toward L-tyrosine, L-phenylalanine, and L-tryptophan and a heat-stable enzyme active toward L-phenylalanine and L-tryptophan. We have repeated and extended these experiments, using strain W3110 as the enzyme source. The results obtained for 45, 50, 55, and 60 C are shown in Fig. 3 . It is clear that at all temperatures the enzyme was activated by heating. At 55 and 60 C this activation was followed by inactivation, which was quite severe at 60 C. In every case, the samples were chilled in an ice-water bath before being assayed (25 C) for enzymatic activity, so that cooling did not reverse this activation. Since little difference was found between the rates of inactivation determined with these substrates, if a heat-stable enzyme exists in our extracts, its activity must represent only a small fraction of the total transamination activity. Partial purification by filtration on The irreversible temperature activation might be due to the destruction of a heat-labile inhibitor or a conformational change in the enzyme. It seems possible that, if a heat-labile inhibitor exists, its function is to inhibit the enzymatic activity in the aromatic L-amino acid to aromatic keto acid direction because this enzyme is normally involved in the synthesis of L-phenylalanine and L-tyrosine from their keto acids (3). In addition, deamination of L-tryptophan would serve no useful purpose. Attempts to demonstrate a heat-labile inhibitor were unsuccessful. When the rate of reaction in the Ltryptophan-producing reaction was compared with that in the reverse direction, no differences were observed, regardless of whether the enzyme had been preheated. DISCUSSION Our present knowledge allows a certain number of conclusions to be drawn about z-amino acid utilization in E. coli. Mutations conferring 1)-amino acid-utilizing ability may affect the transport of a 1-amino acid as was found for i)-leucine (9) and r-histidine (4 In the present study, the focus was on the process of utilization itself. The very fact that some dadR strains possess an enzyme capable of deaminating D-tryptophan in crude extracts whereas their parent dadR + strains do not suggests that this enzyme is involved in D-tryptophan utilization. The isolation of mutations (Fyo) that are resistant to L-phenylalanine by virtue of increased levels of this enzyme supexterior D-trp ¢ ports this contention. At the same time, these mutations lead to a reduction in the level of ihistidine oxidase activity, an observation which makes it likely that those dadR strains with 1-amino acid-deaminating activity contain more than one enzyme with this kind of activity. The finding that D-tryptophan, but not D-histidine, dearninating activity is sensitive to L-phenylalanine is very strong evidence that these activities are at least distinct if not situated on different enzymes. Thus dadR (1-amino acid deaminase, regulatory) mutations are most likely regulatory in nature. However, it seems possible that changes other than an increase in D-tryptophan oxidase activity may have taken place as a result of mutation to In summary, the pathway that emerges from these studies is shown in Fig. 4 . The initial step is the transport of i)-tryptophan via the aromatic permease system, which is the only system capable of this function and can cause the accumulation of this amino acid against a concentration gradient. This transport is severely inhibited by both L-phenylalanine and L-tyrosine. The second step is the deamination of Dtryptophan to indole pyruvic acid by D-tryptophan oxidase. This reaction is also inhibited by i-phenylalanine and i-tyrosine. The final step is the conversion of D-tryptophan to L-tryptophan and apparently involves transaminase A and Lglutamate, which have a vital role in the terminal step of both L-phenylalanine and L-tyrosine synthesis. ACKNOWLEDGMENTS This investigation was supported by a grant from the Israel Academy of Sciences, no. 8-065-059.
ADDENDUM
The i-tryptophan oxidase reaction product has been identified as indole pyruvic acid by thin-layer chromatography on Merck DC-Plastikfolien Kiesegel. From a reaction containing dialyzed cell extract, the reaction product was extracted with ethyl acetate after acidification (-pH 2.0). This extract was applied (10 
